Methods for creating precise perforations in respiring produce packaging are being increasingly adopted. Knowledge 
INTRODUCTION
Perforating films is a method used in the design of packaging of fresh or minimally processed fruits and vegetables [1] [2] [3] [4] [5] [6] [7] [8] . Modified atmosphere packaging (MAP) is commonly used to extend product shelf life of minimally processed produce. MAP works by reducing rates of overall aerobic metabolic activity, which reduces consumption rate of O 2 and production rate of CO 2 [9] [10] [11] [12] [13] [14] [15] . Unfortunately, many respiring products have oxygen requirements that exceed what can be supplied by even the highest oxygen permeating packaging films or films with other desirable characteristics such as puncture resistance, freezerto-microwave capability, etc. don't offer adequate gas transmission properties. Therefore, it becomes necessary to incorporate perforations in packaging to meet gas exchange requirements. Incorporating even small perforations in packaging material can drastically increase gas transmission, because diffusion coefficients of permeant gasses in air are at least 6 orders of magnitude greater than their permeability in high gas transmitting low density polyethylene (LDPE) [5] . The most common gas transmissions through a perforation modeled in a modified atmosphere package are O 2 and CO 2 but other volatile compounds produced from the metabolic activity of fresh fruits and vegetables also have a significant effect on shelf life [16] . Many attempts to model oxygen transmission through perforations have been reported with various degrees of success for broad application. Several researchers modeled the oxygen transmission through perforations empirically [6, 8, 17 -18] but these approaches have limited applicability [19 -20] . Approaches based on theoretical principles of Fick's Law have been applied by a number of studies [1, 5, 21] . Other theoretical models have been developed.
Renault et al. modeled gas diffusion from the ambient environment through perforations using Stephen-Maxwell gas laws and inside the package using Fick's law [22] . Hirata et al. used Graham's law of Effusion for designing a modified atmosphere package with a perforation [23] . Del-Valle et al. modeled gas exchange through perforations by applying Knudsen gas diffusivities and Poiseuille's hydrodynamic flow [24] .
Most studies assume that the concentration inside of a perforated package is uniform at any particular time. However when oxygen transmits very rapidly in small localized areas compared to the rest of the package, oxygen concentrations tend to not be uniform. To address this issue, oxygen concentrations may be predicted throughout the package rather than assuming uniformity. Rennie and Tavoularis (2009) modeled a time and space dependent modified atmosphere package using Finite Element Method [25] . Emond et al. discretized a modified atmosphere package using the finite difference method [26] Two experimental methods are mentioned in the literature to measure oxygen transmission through perforations; the flow through method and the static method. In the flow through method the apparatus is setup as described in ASTM D 3985 [27] [28] [29] Figure 1 . The main problem with the flow through method for measuring oxygen transmission through perforations is the difficulty in maintaining the same pressure on both sides of the sample. Even slight differences in pressure will cause convective flow through the perforation leading to inaccurate measurements.
In the static method, a chamber is sealed with a perforated sample and flushed with an inert gas, typically nitrogen ( Figure 2 ). After purging, accumulation of oxygen in the chamber is measured over time. There are some limitations to the static method, namely, samples have to be small and few otherwise the oxygen concentration in the chamber and accuracy will be significantly affected [30] , or the chamber has to be re-purged after withdrawing each sample resulting in exceedingly long test times [28] . These limitations can be overcome by using a non-invasive and nondestructive oxygen measuring system such as a fluorescence based oxygen sensor [31] . Fluorescent oxygen sensing enables measurement of oxygen concentration without withdrawing samples from the accumulation chamber and affecting accuracy.
MATERIALS AND METHODS
In this study the static method was used with a fluorescence based oxygen sensing system (Model 310, Oxysense, Inc. Dallas, TX). A chamber 7.125 inches in length was constructed from schedule 40 PVC pipe. At the center of one end of the chamber a perforated disc was mounted and at the center of the other end, oxygen was measured ( Figure 3 ).
To measure oxygen transmission, the chamber was kept at room temperature (23 0 C) and purged with nitrogen and initially contained no oxygen.
Oxygen was allowed to accumulate in the chamber and oxygen concentration was measured at the sensor approximately every 15 minutes until concentration at the sensor exceeded 5%. Oxygen transmission through 3 different sized precision perforations was measured. The perforations consisted of stainless steel disks that measured 0.003 inches thick with precision orifices 100, 205, 249 µm, respectively (Lenox Laser, Glen Arm, MD). Tests were done in triplicate and experimental data were compared with predictions from a model simulated using two techniques. One technique was derived with commercial software (COMSOL Multiphysics, Stockholm, Sweden). COMSOL discretized a 2D model of half of the experimental apparatus with the center of the precision orifice as the origin into triangular meshes ( Figure 4a ) and then predicted oxygen mass transfer (in moles) using the Finite Element Method. Meshing was set on 'extra fine' setting. The results of the simulation were revolved around a horizontal axis passing through the center of the perforation to give 3D results with a significantly reduced computational effort. The second technique was written in Visual Basic for Applications (Microsoft Inc., Redmond, WA) and derived by discretizing the accumulation chamber into concentric toroids surrounding central cylindrical discs with constant Δr stacked on top of each other with constant Δz (Figure 4b ) and then predicted oxygen mass transfer (in moles) using either Finite Volume or Finite Difference methods. Oxygen transmission through the precision orifice was approximated as a source term whereas COMSOL discretized the perforation directly. By approximating a perforation as a source term the number of elements or control volumes, calculations, and run time is considerably reduced.
THEORY AND CALCULATION

THE MODEL
As a result of the perforation being centered on the end of the chamber the model can be considered 2D axial symmetric with oxygen transfer in the radial and axial directions ( Figure 5 ).
The governing differential equation for oxygen transfer in the accumulation chamber can be derived from Fick's second law in cylindrical coordinates and is given in equation 1 [32] . Oxygen delivered from the ambient environment to the accumulation chamber through the perforation is approximated Several studies demonstrated an improvement in mass transfer predictions through perforations by considering edge effects via a modified effective diffusion length [1, 3, 5] . Justification for the corrective term is rooted in local gas density differences as a consequence of end effects of the perforation. This effect is significant for the diameters and thicknesses of typical micro perforated films used in MAP. The effective diffusion path length for a narrow tube that resembles stomata in plants is given by Equation 
NUMERICAL SOLUTION OF MODEL
The Where the coefficients a in , a out , a p , a up , and a down depend on position, diffusion coefficient and size of the time step. As a result of toroids and discs in the discretized system varying in size it is useful to convert the algebraic equations in terms of moles (Equation 11) which ensures conservation of mass. at a particular position is only dependent on the oxygen concentration of the position and adjacent positions at the current time step and the equation becomes fully explicit. The advantage of an explicit scheme is that it is simpler and does not require a solution of simultaneous equations; however, it is less accurate for a particular time step than other schemes and requires a smaller time step to be numerically stable. If f = 1 then the oxygen concentration at a particular position is only dependent on the oxygen concentration of the position and adjacent positions at the next time step and the equation becomes fully implicit.
The advantage of a fully implicit scheme is that it allows a larger time step and is more accurate than an explicit scheme for a particular time step at the expense of having to solve simultaneous equations. If f = 0.5 then the oxygen concentration at a particular position is equally dependent on the oxygen concentration of the position and adjacent positions at the current time step and next time step. This scheme is known as the Crank-Nicolson scheme and also allows for larger time step but also requires a solution of simultaneous equations. It is considered the most accurate of the 3 schemes for a particular time step size [34] and is used in this study.
Right side of equation 12, b i,j , is a function of the constant f, constants a in , a out , a p , a up , and a down , and the current moles of oxygen at the position and adjacent positions and the ratio of their volumes to the volume of the position. There are three different types of positions for both axial and radial dimensions. In the axial dimensions there is the top, interior (between top and bottom), and bottom positions, with corresponding coefficients a up , a down , a p , (Table 1a -1) and right side of Equation 13, b i,j , (Table 1a -2). In the radial dimension there is the top, interior (between top and bottom), and bottom positions, with corresponding coefficients a in , a out , a p ,( 
SIMULATION OF THE MODEL
COMPUTATION TIME MINIMIZATION STRATEGIES
Right hand side, b i,j , of Equations 13 & 14 and coefficient a p must have the opposite sign from coefficients a in , a out , a up , and a down for the simulation to be numerically stable. When Δt becomes too large these criteria are not met and the simulation becomes unstable. As the simulation progresses and the oxygen concentration increases at all positions in the chamber a larger Δt can be afforded. This criterion can be used to find the maximum possible Δt at each time step within a margin of safety rather than arbitrarily setting a constant Δt throughout the simulation. An algorithm was developed where Δt was increased incrementally by 1% until the criterion were not met. Then Δt was decreased by 1% so it meets the criteria again and is within 1% of the maximum possible value.
SIMULATION CONVERGENCE VERSUS COMPUTATIONAL COST
Improved accuracy can be obtained with finer discretization, but at the cost of computation time. By doubling the number of discretized positions in each dimension the computation time can increase by as much as a factor of 200 per simulation. To mitigate this problem, we developed a dynamic discretization scheme that starts fine and becomes increasingly coarse as gas concentrations tend to become similar in growing regions. In this study, there is a limit to how fine the accumulation chamber can be discretized, since oxygen transmission through the perforation is approximated as a source term, the top center control volume can be no smaller than the size of the perforation itself. It was found that when the number of positions exceeded a ratio of the average radius of the chamber to 1 ½ times the radius of the perforation in the radial dimension, the concentration in the top center node exceeded ambient concentration, which is physically impossible. In this study, the radial dimension of the accumulation chamber was discretized to the nearest integer less than the ratio just described. The axial dimension was discretized to the nearest integer less than 3 ½ times the number of radial positions for an aspect ratio close to unity. When oxygen concentrations ceased to increase by at least 1% throughout the chamber, the number of discretized positions was reduced by half in both axial and radial dimensions. Naturally, mass was preserved by combining oxygen from joined volumes. This procedure was repeated until the number of nodes in the radial dimension was less than or equal to 10 which gave a very reasonable time step size. This novel dynamic discretization approach has not been described previously.
VALUES OF DIMENSIONS AND PARAMETERS ENTERED INTO THE MODEL AND DISCRETIZATION OF ACCUMULATION CHAMBER
Values of dimensions of the accumulation chamber and parameters entered into COMSOL and VBA program are given in Table 2 . COMSOL was run on extra fine meshing setting. Perforation radius, effective diffusion length, and simulated time (approximate amount of time experiment was run) entered into COMSOL and VBA program for each precision orifice are given in Table 3a . Initial discretization and final discretization entered used in VBA program for each precision orifice are given in Table 3b . Table 4 compares final oxygen concentration at the sensor location achieved by running an experiment and simulating COMSOL and VBA models for each orifice for the times shown in Table 3 .
RESULTS AND DISCUSSION
Figures 6a-c compares the curve %O 2 at sensor versus time generated from experimental data Table 2 Dimensions and parameters inputted into the model. * [35] to the curve generated by COMSOL and VBA models for each orifice. Table 4 and Figures 6a-c demonstrates model predictions of oxygen concentration at the accumulation chamber sensor can serve as a reasonable approximation with both methods when compared to experimentally measured values. The model becomes slightly more accurate when the perforation is discretized. Approximating oxygen transmitted from the perforation as a source term can still serve as a reasonable simplification and does not require expensive commercial software. In this work the perforations were made in the metal disk by a laser. Laser perforated materials more closely resemble a smooth circle when seen under a microscope whereas mechanically perforated materials are irregular in shape and have jagged edges. It is expected that using a circle of the same area as the mechanical perforation would be a sufficient approximation in determining the OTR of a mechanically perforated material considering the area of the perforation is several orders of magnitude smaller than the area of the package itself. This hypothesis of the effect of microperforation geometry on the OTR of a package can be tested using multiphysics software like COMSOL.
CONCLUSIONS
Oxygen transmission through a microperforation into a package can be modeled using Fick's 2 nd law. Accurate predictions required use of an effective diffusion length through the perforation that is longer than the thickness of the perforation. Estimating oxygen diffusion through a micro-perforation as a source term gave a reasonable approximation of oxygen concentration at the sensor when applied in the VBA model. Discretization of the perforation gave more precise results as demonstrated by the COMSOL model, but at the expense of complexity and cost. As diameter for the perforation decreased, the discrepancy between the experimental data and the prediction by both models increased. This could be due to due to discrepancy between the theoretically derived effective diffusion path length and actual effective diffusion path length that increases as the perforation diameter decreases.
